We report a quantitative measurement of traction stress exerted by dividing eukaryotic cells. The stress field was highly dynamic and sequentially changed as follows: (1) strong and localized as two spots, (2) weak and broadly distributed, and (3) strong and localized as four spots. At the final stage of cytokinesis, the dividing cells exerted strong tensile force on the intercellular bridge. The asymmetry of the traction stress and the orientation of the division axis matched throughout the division process, suggesting the possible role of the mechanical force as a ''store'' of the orientational information.
Active forces generated by dividing adherent cells can be classified into three types: force working on the cellsolution boundary (surface tension), inside of the cell (intracellular stress), and on the cell-substrate boundary (traction stress). While the first two forces have been reported by many groups for various cell types [1] [2] [3] [4] , the last one, traction stress, has not been quantitatively determined to date [5] . Quantification of such active forces has illuminated many aspects of the division process, such as the inherent unstable nature of the cortex of dividing cells [3] and the molecular mechanism of mitotic cell rounding [4] . There are many unsolved biophysical questions possibly related to the traction stress [6, 7] . For example, it is suggested that mechanical forces would be responsible for cleavage furrow thinning and abscission [8, 9] . Quantitative measurement of the traction stress of dividing cells thus must be essential to complete our biophysical understanding of the biologically important phenomenon.
In this Letter, we present a quantitative measurement of the traction stress exerted by dividing Dictyostelium cells, which is a simple model organism for the study of eukaryotic cell division [2, [10] [11] [12] [13] . For the stress measurement, we prepared flexible poly-acrylamide gel (Young modulus 800 Pa) embedded with fluorescence beads. We observed dividing cells on the gel with confocal microscopy (TSC-SP5, Leica) and detected the in-plane deformation of the substrate by tracking the fluorescence beads adopting the particle image velocimetry method (see the Supplemental Material [14] for the detailed protocol).
We calculated traction stress T i ðxÞ from the substrate deformation u i ðxÞ in Fourier space (subscripts denote a component x or y). By assuming linear elasticity of the substrate and neglecting vertical force, the relationship between Fourier transformed deformationũ i ðkÞ and stress T i ðkÞ can be expressed asT i ðkÞ ¼G À1 ij ðkÞũ j ðkÞ. We use Einstein's summation rule to express the summation with subscripts, andG ij ðkÞ is the Fourier transformed Boussinesq Green function [15, 16] 
Because of the ill-posed nature of the problem, we need some filtering schemes to avoid the amplification of high-frequency components, which mainly come from measurement noise [16] . To this end, we introduced a simple low-pass filtering. Comparing the power spectra jũ i ðkÞj 2 of data (strained) and control (unstrained) substrates, we found that the strain signal had significant components above control only for low wave numbers. Hence we chose the cutoff frequency to be jkj ¼ 0:25 m À1 , where the levels of signal and the background noise became the same order [17] . Eukaryotic cells entering the mitotic phase stop migration and round up. Then the morphology changes from circular to elliptic followed by the appearance of the cleavage furrow for cytokinesis, and eventually the two daughter cells completely separate. In the case of Dictyostelium cells, the time spent for completing cytokinesis from the circular shape is known to be about 3 min [10, 13] , whereas the total mitotic phase is around 10 min [18] . The observed time-dependent morphological change of dividing Dictyostelium cells in our setup ( Fig. 1 ) was almost similar to what was observed by former studies using agar or glass substrate [2, 10, 13] . The traction stress of dividing cells was found to be highly dynamic in space and time and the dynamics was in connection with the morphological change (Fig. 2) . At t ¼ À10 min (throughout the Letter, the origin of the time axis is set to be the instant when cytokinesis completes), the mother cell already stopped migration but was still making some pseudopodia. The traction stress exerted by this mother cell was rather strong and localized as two point forces at the poles of the cell. This character lasted for about 4 min (Fig. 2, À11 to À7 min ). Around t ¼ À6 min , the mother cell ceased making pseudopodia and rounded up. On this occasion, the two force spots disappeared and the traction stress became smaller and distributed almost uniformly on the cell edge (À 6 to À4 min ). Then the cleavage furrow appeared around t ¼ À3 min and started up thinning (À 3 to À1 min ). The traction stress got stronger again and finally, after around t ¼ À2 min, localized as four point forces at the sides of both edges of the cleavage furrow. After completing cytokinesis, the traction stress became significantly smaller (0 min). The traction stress was all directed inward, as we will confirm below. The above features were common in other observed samples.
Based on the observations, we defined three phases of the traction stress dynamics during cell division. Phase 0 (À 11 to À7 min , green bar in Fig. 2 ) is characterized by the strong traction stress with two point forces and cell making pseudopodia. Phase 1 (À 6 to À4 min , blue bar) is characterized by the weak and broad stress and the rounded morphology. Phase 2, the last phase (À 3 to 0 min, red bar) is characterized by the strong stress with four point forces and the visible cleavage furrow.
We then quantified the spatiotemporal dynamics of the traction stress field (Fig. 3 ). The total force exerted by dividing cells was characterized by the integration of the absolute value of the traction stress ( Fig. 3 , top section),
where S is the area of interest (typically, we chose an area 30 m Â 30 m to contain the whole cell). The total force first increased from the beginning and took its maximal at À8:4 AE 2:5 min (N ¼ 5 cells, see the Supplemental Material [14] for statistical discussion), which was in the middle of phase 0. Then the total force decreased and started increasing again at À4:9 AE 1:9 min , at the beginning of phase 1. The total force kept increasing until the end of cytokinesis and steeply decreased when the cleavage furrow broke (the rightmost broken line). The maximum force just before the furrow break was 23:4 AE 1:2 nN, and this was significantly larger compared to that of ordinary migrating Dictyostelium cells (average 10 nN [17, 19] ). The sharp drop of the total force at the furrow breaking was around 6:5 AE 1:9 nN, which was suddenly released between the two successive measurement frames (6 sec). We separated the traction stress into parallel and vertical components with respect to the division axis (Fig. 3 , second section) and found that this rapid decrease mainly came from the parallel component. The released parallel force was 6:0 AE 2:4 nN.
To investigate the contracting nature of the traction stress, we detected the center of the traction stress (''sink'' of the stress vector field). The force center was defined using the following integral [20] ,
where Èðx; yÞ is the orientation of the stress vector. We searched the point where the above integration had a value of 1 and found that there existed almost only one force center throughout the division process (Fig. 4) . The force center was located near the cell center, and the force balance condition implies that cell feels the counter force of the traction stress. The result thus indicates that the dividing cells apply strong tensile force to the intercellular bridge in a tug-of-war manner. We then calculated the force dipole (or the first-order moment) of the stress field M ij , which is another measure of the traction stress including spatial property,
Note that since the Nth moment is the Nth derivative of Fourier components aroundk ¼0, the first-order moment can be determined only with the lowest Fourier components and is consequently robust against the details of the filtering. The matrix of the calculated first-order moment was diagonalized and its eigenvalues and eigenvectors were obtained. We will call the eigenvector with the larger (smaller) absolute eigenvalue the major (minor) dipole. Both the major and minor dipoles were almost always negative, reflecting the contracting nature of the traction stress (Fig. 3, third section) . The two dipoles behaved in the same manner as the total force in phases 0 and 1 and both the major (brown) and the minor (yellow) dipoles had their first peak in the middle of phase 0 and then increased during phase 1. The subsequent time evolutions of the two dipoles were different. While the minor dipole stopped increasing at the beginning of phase 2, the major dipole kept increasing until the end of cytokinesis. The two dipoles significantly differed throughout the process. Since the difference between the two dipoles corresponds to the degree of rotational asymmetry of the stress field, this result shows that the traction stress is kept asymmetric from the beginning to the end of the dividing process.
Finally, we investigated the relationship between the traction stress asymmetry and the division axis orientation. The main axis of the force dipole matrix was rather constant throughout the division process (Fig. 3 , bottom section) and we here found that this orientation agreed well with the orientation of the division axis. We calculated the probability distribution function (PDF) of the angle formed by the dipole and division axes [ Fig. 5(a) ]. The resulting PDF had a sharp peak around ¼ 0, showing that the two axes agreed well. The orientations of the two axes for different dividing cells were plotted as a function of the orientation of the other axis [ Fig. 5(b) ], and all data collapsed into a single line confirming the tight orientational correlation.
Our results showed that the integrated absolute value of the traction stress exerted by dividing cells was around 23 nN, which was significantly large compared to cells in the interphase. The traction stress was directed inward throughout the mitotic phase, and there existed almost only one force center. It is supposed, although having few even indirect evidences, that two daughter cells individually reestablish each contracting traction field before they completely separate [21] . Our observation was different from this accepted scenario and showed that two daughter cells applied contracting force to the intercellular bridge in a tug-of-war manner. We estimated the tensile force as the released traction stress parallel to the division axis during furrow abscission. The amplitude of the tensile force was unexpectedly large, around 6 nN.
The mechanism of abscission of the cleavage furrow occurring at the last step of cytokinesis is largely unknown, and whether cytoskeleton or membrane persists longer is even unrevealing [8] . The membrane alone being insufficient After separating, each of the two daughter cells has one force center for each; thus, the total number was two. to resist the measured nN order tension [22] , our observation suggests that there must exist cytoskeletal structures at the final instant of cytokinesis. Recent reports claim that, unlike mammalian and yeast cells, there are no circumferential oriented actin filaments at the equator of dividing Dictyostelium cells and, instead, a meshwork actin network is observed [2] . The actin meshwork investigated with SEM [2] was composed of around 30 actin filaments parallel to the division axis. Assuming that the tensile force is applied on the sides of this filamentous actin (F-actin) network, the tensile force applied to a single actin filament can be estimated to be about 100 pN. The breaking force of a single actin filament in vitro has been reported as 200-400 pN, which is the same order as the estimated tensile force [23] . We thus conclude that the applied tensile force may possibly break the actin filaments at the equator in a purely mechanical way.
We found that the force dipole axis agreed well with the division axis and that this coincidence held even before cell-shape rounding. The duplication of the centrosome occurs at the beginning of the mitotic phase. The duplicated centrosomes can still rotatory move, and the spindle elongation starts about 5 min before the end of cell division [24, 25] . Therefore, the force dipole would be an earlier factor breaking circular symmetry than the mitotic spindle.
Recent studies insist that the force exerted by dividing cells to their substrate would determine the division axis through positioning the mitotic spindle [26, 27] and, based on this hypothesis, a theoretical model has been proposed [26] . Inspired by these works, we try to understand our result with a simple model. We start from assuming that the pulling force acts on the nearest side of the spindle (reflected by the integral range for torque calculation) and the spindle can only rotate [26] .
Let be the orientation of the imaginary spindle (À =2 < < =2) [ Fig. 5(c) ]. The force acting on the spindle toward the directionẽ will bẽ Fð; Þ ¼ẽ Z R 0 jTðs; ; Þjds;
where s is the polar amplitude from the spindle sides along the unit vectorẽ , R is the size of the region of interest [S in Eqs. (2) and (4) We calculated WðÞ of each of the data frames [ Fig. 5(d) ]. Most of the calculated potentials have only one global minimum and the others have a global and one other local minimum. We found that the global minimum and the orientation of the real division axis agreed well. This result gives evidence that traction stress would play a role in division axis determination.
In summary, we report a quantitative measurement of the traction stress exerted by dividing eukaryotic cells, to our knowledge, for the first time. Dividing cells were found to exert much larger force compared to ordinary migrating cells, and a major part of this was the tensile force pulling the intercellular bridge. The observed orientational relationship between the traction stress asymmetry and the division axis was successfully reproduced by the introduced simple model. We expect that these results would motivate further studies elucidating biological functions of mechanical forces in cell division.
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